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Abstract
Device-modeling physics of four-layered Nb/Al-ultra-thin AlOx barrier-Nb Josephson structures is discussed, empha-
sizing practical applications. The temperature eﬀect on the minigap induced in a proximized Al layer and that on a
critical voltage across the SNIS junction is numerically simulated. The McCumber-Stewart parameter is found to de-
crease from about 2 at 1.7 K to values near unity at 4.2 K, because of the temperature suppressed subgap resistance. Due
to the single-valued current-voltage dependence and comparatively high critical voltage values, the overdamped SNIS
junctions have demonstrated well-developed rf-induced features in the current-voltage characteristics even far above 4.3
K, appealing properties for programmable Josephson voltage standard applications.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
An increasing interest in diﬀerent applications, from fast superconductive (S) electronics to the exten-
sion to ac of the voltage quantum standard, is addressed to Josephson junctions with overdamped current-
voltage characteristics, showing wide operative margins. While externally shunted SIS (with an insulating
(I) barrier) and internally shunted SNS (with a normal (N) conducting ﬁlm) tri-layers have been used for
these aims, new technologies are needed in order to satisfy as many requirements imposed by practical
applications as possible, namely, to provide a large range of electrical parameters, critical currents Ic, and
characteristic voltages Vc = IcRN, to extend stability of the temperature dependence, to provide possibility
of realizing circuits with reduced dimensions and suitably high Vc for RSFQ logic and of fabricating pro-
grammable arrays able to achieve the same maximum voltage output with a reduced number of junctions,
by using higher order steps. Moreover, it is very important to have possibility to fabricate the devices with
the widely assessed niobium technology and to work at temperatures above that of liquid helium, using
cryocoolers of 10 K family,
In our previous papers [1, 2, 3, 4] we have developed such category of overdamped Josephson junctions,
namely, Nb/Al-AlOx-Nb four-layered structures with comparatively thick (30-120 nm) aluminum layers and
comparatively thin Al-oxide barriers which have shown a number of signiﬁcant advantages comparing to
conventional tri-layered devices. In this contribution we show how the practical needs can be met through the
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Fig. 1. Temperature eﬀect on the minigap induced in the Al interlayer (solid lines) and characteristic voltage(dashed lines) versus γeﬀ
curves (the main panel) and that on the subgap resistance and the damping parameter βc (the inset). The data shown in the main panel
correspond to three diﬀerent temperatures: 1 - T = 0.2TcNb, 2 - T = 0.5TcNb, 3 - T = 0.8TcNb. Two vertical lines at γeﬀ = 2.5 and
15 are shown to compare temperature dependencies at diﬀerent thicknesses of the Al layer. The data shown in the inset is for three
representative SNIS devices with an optimal value dAl ≈ 100 nm. A horizontal line in the inset shows the boundary between hysteretic
and non-hysteretic behavior of a Josephson junction, the dotted line is calculated for an NIS junction with a universal distribution of
transparencies [11].
SNIS junctions, explain experimental ﬁndings on an elementary level, and to present some new observations
supporting our theoretical framework.
2. Temperature stability
The main goal of our work was to design an intrinsically shunted Josephson device resistant to temper-
ature ﬂuctuations above 4.2 K and based on the niobium technology. Concerning the temperature stability,
we should remark a strong temperature dependence of critical characteristics in conventional Nb-based SIS
Josephson junctions when they are employed above 5 K [2]. The problem comes from a steep behavior
of the Ic(T ) curve above T ≈ 0.5T[c] in the Ambegaokar-Baratoﬀ theory, where Tc is the S-ﬁlm critical
temperature. In order to obtain more gentle curve in this temperature interval, we have replaced one of the
superconducting electrodes with an N/S bilayer. It has been shown experimentally (see, for example, [5]
and theoretically [6] that with increasing temperature the superconducting order parameter in an N layer of
a thickness dN comparable with that of the S ﬁlm dS ﬁrst rapidly decreases and then at T ≈ T becomes ﬂat
up to a nearest vicinity of Tc. Changing the ratio dN/dS, we can modify the value of T and, hence, are able
to engineer thermal stability of the Josephson SNIS devices.
We can calculate the temperature dependence of the dc Josephson current in our four-layered junctions
using a general relation, which determines the supercurrent in double-barrier junctions [7]. As was shown
in [3], in our strongly asymmetric devices with very weak charge scatterings at the Nb/Al interface compar-
ing to those at the insulating barrier Al)x, there is a single ﬁtting parameter γeﬀ ≈
(
RNb/Al/ρAlξAl
) (
dAl/ξAl
)
with RNb/Al, the product of the interface resistance and the area; ρAl, the residual resistivity of Al, ξAl =
ξAl
√
Tc,Al/Tc,Nb, ξAl, the coherence length inn Al, Tc,Al and Tc,Nb are critical temperatures of Al and Nb lay-
ers, respectively. The ﬁrst factor in γeﬀ was estimated in the experimental study of Nb/Al bilayers with
a ﬁxed Nb thickness of 200 nm RNb/Al/ρAlξ∗Al ≈ 0.111dAl [8]. According to theoretical estimates [9]
RNb/Al/ρAlξ∗Al is proportional to
√
dAl with a coeﬃcient 0.94 nm−1/2. Taking into account that the ra-
tio dAl/ξAl , the second factor in γeﬀ , is about 0.5-0.7 for our samples (see Table 1 in [3], we obtain that
γeﬀ ≈ (0.06 − 0.08)dAl [8] or γeﬀ ≈ (0.5 − 0.7)
√
dAl [9]. The diﬀerence between the two estimates is not
large within the interval of dAl studied. We have performed calculations of the minigap in Al and critical
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Fig. 2. 1.25 V step of a 4096 SNIS Josephson junction binary programmable array at 4.2 K. The array section, biased on the second
harmonic of a 74 GHz microwave signal, was calibrated against another 4096 section of the same chip. The measurement resolution is
better than 50 nV.
currents across our Nb/Al-AlOx-Nb junctions following the procedure described earlier [3] for diﬀerent γeﬀ
and diﬀerent temperatures. Fig. 1 shows how the ratios of the induced in Al gap to that in Nb as well as the
critical voltage values calculated at ﬁxed temperatures change with increasing γeﬀ . For small γeﬀ the critical
voltage starts to change very quickly after T > 0.5TcNb whereas at large parameter values like γeﬀ = 15
shown in Fig. 1 it decreases with increasing T at more or less uniform rate. Let us note that the values of
Vc are permanently reducing with increasing γeﬀ . From the practical point of view, it means that we should
ﬁnd a compromise between temperature stability and highest possible critical parameters. Looking at Fig.
1, we ﬁnd that such a compromise can be achieved at γeﬀ = 6− 8 or, as follows from the estimates above, at
dAl ≈ 80 − 100 nm.
3. Temperature-dependent intrinsic shunting
Let us now discuss our second aim, i.e., to achieve single-valued current-voltage characteristics in the
Nb/Al-AlOx-Nb junctions at temperatures above 4.2 K. To realize it, we follow an idea proposed in the
paper [10] where it was proved that in Nb-trilayer Josephson devices with high speciﬁc conductance (and,
hence, high critical current density) a universal bimodal distribution of the barrier transparences [11] takes
place. Because of it, such junctions which are intrinsically overshunted already at very low temperatures [12]
can be suitable for various application. How is this statement modiﬁed with introduction of a new element,
an Al interlayer At very low voltages V  2ΔNb/e the average I − V characteristic for a conventional SIS
junction with a barrier whose transparency is described by the Schep-Bauer distribution [11] exhibits a near-
linear behavior with the subgap resistance Rsg ≈ 0.8RN. It is clear that in our SNIS samples the ratio Rsg/RN
should be higher due to a small value of the minigap ΔAl and the diﬀusive scatterings in Al.The inset in Fig.
1 shows how the ratio Rsg/RN which determines regime of the Josephson junction operation is reproducibly
suppressed with increasing temperature for three representative SNIS devices with an optimal thickness of
the Al interlayer about 100 nm. Also we demonstrate that, in accordance with the Rsg/RN data, the damping
parameter βc = 2e2 (IcRN)RNC
(
Rsg/RN
)2
/ (C is the junction capacitance) calculated from our data using
Zappe’s formula [13] falls oﬀ below unity just in the vicinity of 4.2 K. In the inset in Fig. 1 we show
the T behavior of the ratio Rsg/RN calculated for an NIS junction with a barrier whose transparency has a
universal distribution [11]. Although this oversimpliﬁed approximation ignores the presence of a minigap
in an N layer and, as a result, overestimates the Rsg/RN value, it well describes the overall T dependence.
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4. Shapiro steps
Shapiro steps in the time averaged I − V curve are a consequence of phase locking between the ac
Josephson eﬀect and a microwave signal. In conventional SIS junctions the current-phase relation is pure
sinusoidal, Shapiro steps at the fundamental Josephson frequency are well deﬁned but their amplitude de-
creases rapidly with increasing T above 4.2 K following the dc critical current dependence. In SNS samples
with a diﬀusive phase-coherent normal-metal link of a thickness d the phase dependence of the supercurrent
is non-sinusoidal, at least, at kBT below the minigap ΔAl [15]. The shape of the current-phase relation is
strongly aﬀected by microwave irradiation due to rf excitation of low-lying Andreev bound states across
the minigap in the junction [15]. Relaxation of the populations of Andreev levels leads to non-equilibrium
eﬀects in voltage biased conﬁgurations such as fractional Shapiro steps [16] and/or a strong dissipative
component in addition to the dissipationless current at kBT exceeding ΔAl [17].
The SNIS junctions provide a sinusoidal response above 4.2 K [2] and, hence, at T > 0.5Tc permit to
avoid subharmonic Shapiro steps which would interfere with the fundamental ones in metrology applica-
tions. In order to diminish the non-equilibrium eﬀects caused by rf irradiation, we can engineer the spectrum
of Andreev bound states by changing dAl in our devices. In this case we should ﬁnd an optimal minigap
value ΔAl at a ﬁxed T when the temperature behavior of main superconducting characteristics in the vicinity
of T is gently sloping but, at the same time, it is not too small comparing with kBT . As follows from Fig. 1,
for T > 4.2 K the optimum corresponds to γeﬀ ≤ 15 or to dAl = 80− 100 nm according to Fig. 4 in [3]. Our
rf experiments with Nb/Al-ultrathin AlOx barrier-Nb junctions have shown that dAl ≈ 100 nm is just the
optimal case for observing Shapiro steps which have been registered up to 8.3 K. Their stability has been
proved, measuring diﬀerent sections of binary series arrays for programmable voltage standard, fabricated
in cooperation with PTB [14]. Calibration was performed measuring each section versus a symmetric one
on the same chip (Fig. 2). Depending on the characteristic voltage, the steps were optimized at T from 4.2
K and more than 7 K. Experiments in a cryocooler have been carrying on, in order to beneﬁt of the reduced
lengths of wiring leads which will improve ac operation of the devices, in addition to the considerable gain
of the system energy eﬃciency.
5. Conclusions
By means of physical device-modeling of four-layered Nb/Al–ultra-thin AlOx barrier-Nb SNIS Joseph-
son junctions we were able to deﬁne the best choice of structural parameters, dependent on the targeted
application: highest characteristic voltage is obtained for γeﬀ < 5, while best temperature stability and
Shapiro steps require high values of this parameter i.e. γeﬀ > 10. A compromise condition (both Vc and
stability) is possible for 6 < γeﬀ < 8.
Experiments in a cryocooler to beneﬁt of the reduced wires length and gain of the system energy eﬃciency
are underway.
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